Informed consent was obtained from the parents of the children studied, and the study was approved by the hospital Ethics Committee.
The effects of each agent on ventilation were determined with nitrous oxide (65 % alveolar) in oxygen at 1.25, 1.50, and 1.75 MAC, and with oxygen alone at 1.00 and 1.25 MAC, in three groups of children. The details of the children included in the study are described in table I.
The eight normal children in the halothane group ranged in age from 5 to 10 yr (mean 8.9 yr), and in body weight from 20 to 49 kg (mean 28 kg); the eight normal children in the isoflurane group ranged in age from 5 to 9 yr (mean 7.2 yr), and in body weight from 20 to 33 kg (mean 24.7 kg). For reasons described below (Results), the effects of enflurane were studied in six children only, and they ranged in age from 5 to 9 yr (mean 7.4 yr), and in body weight from 18 to 30 kg (mean 23.8 kg pre-anaesthetic sedation or parasympatholytic drug, and all studies were completed before surgery commenced.
Anaesthesia was induced by inhalation in all patients and tracheal intubation was facilitated with suxamethonium 1-2 mg kg"
1 . The size of the tracheal tube was chosen on the basis of a 6.0 6.5 6.5 6.5 6.5 5.5 6.5 7.0 5.5 5.5 5.5 6.5 6.0 5.5 6.5 6.0 6.5 7.0 6.0 6.5 5.5 6.0 (litre min"') 11.0 12.0 11.0 11.0 11.0 9.6 11.0 13.5 11.0 9.6 9.6 12.0 11.0 9.6 12.0 11.0 11.0 11.0 11.0 11.0 9.6 11.0 standard formula (Steward, 1979) , with the usual clinical modification of using a tube size 0.5 mm larger or smaller than the tube indicated by the formula, if that size permitted undue leakage of gas, or proved to be too "snug" fitting. The resistance to gas flow across each tube size with the appropriate connector, and with and without the pneumotachograph attached, was measured in a bench test using a Mercury VP5 ventilator/ pump test meter. The values for each tube size, with 65 % nitrous oxide in oxygen delivered at the peak inspiratory flows encountered with that size of tube in the course of the study, are presented in table II. A standard anaesthetic machine (Penlon Ltd), a standard vaporizer (Draeger) and a Bain Co-axial breathing system were used throughout. The fresh gas flow rates (FF) used were derived by adding to the flows recommended to prevent rebreathing with the Bain system (Steward, 1979) a volume of 600 ml min" 1 to replace the volume extracted from the breathing system by the three infra-red gas analysers used.
Ten variables were recorded at each MAC value: minute volume (FE), ventilation rate (/), tidal volume (FT), peak inspiratory flow (FP), mean inspiratory flow (F0, end-tidal carbon dioxide tension (.PE' COt ), inspired carbon dioxide concentration (Fi COt ), inspiratory time (7l), expiratory time (Te) and end-expiratory pause time (TP); the ratios of fresh gas flow to minute volume (FF/FE) and the inspiratory duty cycle (Ti/r tot ) were derived. The alveolar concentrations of the three volatile agents required to achieve each MAC multiple, and the alveolar concentrations (with standard The alveolar concentrations of the agents were altered in a uniform sequence of progressive increases in concentration from MAC 1.25 to 1.50 and 1.75 with 65% nitrous oxide in oxygen, followed by MAC 1.25 in oxygen. The concentrations were then decreased for the final measurement at MAC 1.00 in oxygen. This procedure, which precludes randomization, was designed to limit the overall time of anaesthesia to the minimum compatible with true equilibration at each MAC value, experience in previous studies having shown that the time to achieve equilibration, when changing from a high to a low alveolar concentration, was considerably longer-in particular with a more soluble agent such as halothane-than that involved at gradually increasing alveolar concentrations. Furthermore, the sequence used mimics the common clinical practice of decreasing the alveolar concentration of the volatile agent in oxygen when ventilatory depression is produced by high concentrations with nitrous oxide.
The first recording, of the data of five sequential breaths, was made when the child had been breathing an alveolar mixture of MAC 1.25/nitrous oxide (in oxygen) for 15 min. At subsequent MAC values equilibration was judged to have taken place when the values of end-tidal vapour concentration (FE' vap ), VE and Vi had been stable for a number of breaths, as portrayed in the computer print-out of the values obtained in an individual patient (table IV) .
Equilibration at new alveolar concentrations was frequently accomplished in less than 10 min in the halothane and isoflurane groups; mean equilibration times recorded were 8.89 (1.95) min and 8.48 (1.67) min, respectively. This observation, which was frequently verified throughout the series by comparing the variables at 5 min and 15 min of equilibration, is in accordance with the observation that equilibration may be accomplished in considerably less than 15 min . Equilibration with enflurane presented extreme difficulty, as discussed below (Discussion). When equilibration was established at each MAC multiple, and VT, P^E and PE' COI were stable, the data from five sequential breaths were recorded and blood-gas tensions measured on arterialized venous samples (France, Eger and Bendixen, 1974) withdrawn from an indwelling Teflon cannula in a vein in the dorsum of the hand. The mean value (SD) for each variable, with each agent, at each MAC was derived from the added data of all the recorded breaths at that MAC value, of all of the children studied with the particular agent.
Ventilatory pattern and gas analysis
The equipment and calibration procedures for the measurement of ventilatory flows and volumes and the gas analysers have been described (Wren et al.j 1984) . Inspired gas flow was measured with a Fleisch II heated pneumotachograph which was connected to a differential pressure transducer (Mercury VP5). Airway pressure was measured using a separate pressure transducer (Mercury VP5). To obviate error resulting from electronic drift, this instrument was reset before each study and automatically reset its recordings, by opening to atmosphere, to record true zero values at preset intervals; in addition, the computer program used opened the instrument to atmosphere at intervals of 6 min and each time the main menu was accessed, or a file was saved to disc.
The pneumotachograph was inserted between the swivel mount on the tracheal tube and the coaxial hose of the Bain breathing system ( fig. 1 ).
The concentrations of nitrous oxide, carbon dioxide and the volatile agent in use were measured continuously by three infra-red gas analysers (Beckman LB II). The accuracy of the infra-red analysers across a range of ventilatory frequencies was assessed by a bench test (Synnott and Wren, 1986) which confirmed that these instruments were accurate at frequencies of up to 30 b.p.m.; at 37 b.p.m. the instrument developed a 5 % error, by which inspired concentrations were underestimated and end-tidal concentrations overestimated. Thus, for example, if the instrument displayed an end-tidal value of 1% at a frequency of 37 b.p JH., the true value was 0.95 %. The added deadspace of the flow head and analyser connections, measured by water displacement, was 10 ml.
Computer analysis and recording of data
The data from the pneumotachograph and gas analysers were fed into a computer (Apple II) via a high speed analog-to-digital converter (Mountain Computer). During each sampling cycle the computer scanned all analog imputs at a high sampling rate (up to 100 samples s" 1 per channel) and the sampling method catered for the real time delay of the gas analysers, which repeatedly FIG. 1. The pneumotachograph (B) was inserted between the swivel mount of the trachea] tube (C) and the coaxial hose of the Bain breathing system (A). The swivel mount was modified to accommodate the airway pressure probe (D) and the sampling tubes of the three infra-red gas analysers.
measured 220 ms, when gas mixtures were aspirated at 200 ml min" 1 . The computer program identified, recorded and displayed graphically valid breaths in real time, and contained a number of mechanisms for identifying the beginning and the end of inspiration and expiration, to ensure accurate recording of the timing components of ventilation. In the principal method used, the computer first denned a time window the duration of which was 10 % of full time scale, and the end-point of which was when the volume recorded was at least 7 % of the full volume scale. The computer scanned the window from beginning to end, found the slope of the flow signal at + 5 % of full scale deviation, and projected the flow curve based on this slope backwards to zero crossing, which was the beginning of inspiration. Similar algorithms were applied to the definition of the end of inspiration, expiration and pause time.
The program took account of the effect of the 600 ml min" 1 aspirated by the three infra-red analysers and corrected the values accordingly and, also in real time, applied all of the factors necessary to correct for errors resulting from temperature difference and changes in the viscosity of the gas mixture, electronic drift in the analysers and the effects of spectral overlap and "collision broadening".
A subsidiary program facilitated the calibration of the analysers and pneumotachograph, making this process easier and more accurate. This program also recorded a file with patient data which had two functions: it modified the correction factors so as to compensate for any slight miscalibration, and provided a permanent record of the accuracy and linearity of the analysers and pneumotachograph, which could be scrutinized at a later date should there be doubt about the validity of any recorded data.
The computer program also produced a composite file of corrected data (in addition to a raw file). This composite file was formatted in such a way that it could be readily transferred, via the RS 232 interface of the Apple, to another computer which ran a CP/M operating system (BBC Microcomputer with Z80 second processor). Once in this CP/M environment, all necessary numerical manipulations and statistical analyses were performed rapidly and accurately using a commercial statistical programme (Microstat, Ecosoft Inc.). The significant results obtained in the study were as follows:
(1) While it was possible to measure the effects of halothane and isoflurane at three MAC values in nitrous oxide (1.25, 1.5, 1.75) and two MAC values in oxygen (1.0, 1.25) in two groups of eight children, this procedure proved to be impossible with enflurane. The degree of ventilatory depression produced by enflurane was so profound that, on ethical grounds, and because of doubts concerning the validity of the results obtained, this part of the study was abandoned after the first six subjects; in four children attempts to achieve 
FIG. 2. Responses of ventiktory frequency (/), minute volume (P^E), tidal volume (FT) and end-tidal carbon dioxide tension (PE' COt ) in three groups of unstimulated children to halothanc, isoflurane and enflurane at various MAC values in oxygen (left), and with 65 % nitrous oxide (right). All values are mean(±SEM).
alveolar concentrations of 1.75 MAC enflurane with 65 % nitrous oxide resulted in either apnoea or intermittent ventilation, as was also the case when attempts were made to achieve alveolar concentrations of 1.25 MAC in oxygen in two children. Consequently, the values recorded for MAC 1.75 enflurane in nitrous oxide have been omitted from table V and figures 2 and 3. Extreme difficulty was encountered in attempting to establish stable accurate alveolar concentrations of enflurane, despite repeated efforts with prolonged equilibration times. This problem is reflected in the alveolar concentrations depicted in table III and results from the combined effects of the profound depression of ventilation produced by low alveolar concentrations which were achieved rapidly as a result of the relative insolubility of the agent.
(2) As the values for VE, FT and PcOj in table V and figures 2 and 3 reveal, the three agents produced depression of ventilation with significant hypercarbia at all values of MAC studied with the exception of halothane and isoflurane at MAC 1.25/nitrous oxide, where the tachypnoeic response was sufficient to prevent hypercarbia.
(3) The depression of ventilation produced by the three agents in combination with alveolar concentration of 65 % nitrous oxide (in oxygen) increased in a dose-related fashion as their alveolar concentrations were increased; the relationships between the increasing carbon dioxide tension 
FIG. 3. Response of arterialized venous Pco, in three groups of unstimulated children to halothane, isoflurane and enflurane at various MAC values in oxygen (left) with 65 % nitrous oxide (right). All values are mean (± SEM).
(end-tidal and arterialized venous) and increasing alveolar concentrations of the three agents was significant (P < 0.05), as were the decreases in FT (P < 0.01), and Vi (P < 0.05) for halothane MAC 1.25-1.75/nitrous oxide and for isoflurane and enflurane MAC 1.25-1.5/nitrous oxide. (4) Increasing alveolar concentrations of halothane were associated with an increase in ventilatory frequency which was statistically significant (P < 0.05). No increase in ventilatory frequency occurred in the enflurane group, and the increase in ventilatory frequency recorded in the isoflurane group did not achieve statistical significance. Increasing alveolar concentrations of halothane/ nitrous oxide were also associated with a decrease in TE, from 1.08 (0.22) s at MAC 1.25/nitrous oxide to 0.85 (0.16) s at MAC 1.75/nitrous oxide (P < 0.05), but no statistically significant changes in Ti/T 101 accompanied the increase in alveolar halothane concentrations.
(5) Comparison of the values recorded at MAC 1.25 in oxygen, with those recorded at MAC 1.25 with 65% nitrous oxide, revealed that the depression of ventilation produced by the three agents in oxygen was greater than that produced by equi-MAC concentrations in nitrous oxide: P < 0.05 for all variables in the halothane group, and for all variables except ventilation rate in the enflurane and isoflurane groups.
(6) Comparison of the effects of the three agents revealed that: (a) there was no statistical difference between the magnitude of the effects of halothane and isoflurane on mean FE, or carbon dioxide tension, but the tachypnoeic response to increasing halothane concentrations was significantly greater than that to isoflurane (P < 0.05). (b) There was no difference of any statistical significance in the degree of depression of FT produced by the three agents at any MAC value studied in nitrous oxide or oxygen, (c) The values recorded for FE, and carbon dioxide tension in the enflurane group differed significantly (P < 0.01) from the values in the halothane and isoflurane groups. Enflurane produced markedly greater depression of VE and increase in carbon dioxide tension than did either halothane or isoflurane.
DISCUSSION
The study was originally intended to establish the effects of three alveolar concentrations of each agent, MAC 1.0, 1.50 and 2.0 in oxygen, and the effects of alveolar mixtures of MAC 1.0, 1.50 and 2.0 with 65 % nitrous oxide (in oxygen). However, it was considered unethical to proceed to the severe degrees of ventilatory depression produced by alveolar concentrations of 2.0 MAC, at which, in any event, episodes of apnoea would inevitably interfere with the validity of the results; nor could valid observations be made in the presence of the severe irregularity of ventilation in children attempting to breathe spontaneously through a tracheal tube at concentrations of 1.0 MAC in nitrous oxide. It was decided, therefore, that the effects of the agents should be studied in alveolar concentrations of 1.25, 1.5 and 1.75 MAC, but, again, early results indicated that severe degrees of hypoventilation were produced by concentrations in excess of 1.5 MAC in oxygen. For these reasons the final design of the study consisted of measuring the effects of three mixtures of each agent with nitrous oxide, 1.25,1.5 and 1.75 MAC, and two concentrations in oxygen 1.0 and 1.25 MAC.
In considering the results, attention must be directed to the inspired carbon dioxide concentrations recorded, which indicate that some degree of rebreathing occurred in the halothane and isoflurane groups, with none in the enflurane group. As the minimal FF/FE ratios recorded for the three agents, all at MAC 1.25/nitrous oxide, were 2.8 for halothane, 3.47 for isoflurane, and 4.92 for enflurane, the fresh gas flows used were obviously adequate. The rebreathing must, therefore, have resulted from the FD (10 ml) of the apparatus, and the patterns of ventilation associated with the three agents. While the data on TE in the enflurane group were insufficient to provide adequate statistical analysis, it is evident that the slow ventilatory rate and prolonged TE associated with enflurane-nitrous oxide provided adequate time for the expired gases to reach the expiratory limb of the Bain system before inspiration commenced (Byrick and Janssen, 1980) ; this was not possible when a FD of this size (which was essential to prevent turbulence at the flow head) was combined with the rapid ventilation rates and shortened expiratory times associated with halothane and isoflurane in children who have received no sedative pre-operative medication.
While strictly comparable studies, performed in unsedated children of the same age group before surgery commences, are not available, some evidence on the significance of the inspired carbon dioxide concentrations found can be derived from recent reports on halothane anaesthesia in chil-dren. Murat, Chaussain and Saint-Maurice (1985) , in a study in smaller (20-68 months) unsedated children, recorded the same depression of FT (3.34 (0.25) ml kg-1 at MAC 1.4 halothane/nitrous oxide) as this study, and showed that the addition of 2 % inspired carbon dioxide, while producing significant increases in FE, FT and Fi, has no effect on ventilatory frequency. Lindahl, Charlton and Hatch (1985) in a study of ventilatory responses to rebreathing and carbon dioxide inhalation in smaller children (9.3-25 kg), showed that, while the carbon dioxide responsiveness, although diminished, was maintained during halothane/nitrous oxide anaesthesia in the range MAC 1.25-1.7, inspired carbon dioxide concentrations of the order of 1.45 (0.38)% produced no significant changes in end-tidal carbon dioxide concentration or ventilatory frequency. It is improbable, therefore, that the maximum mean Ficoi m th e halothane (0.66%) or the isoflurane (0.46%) groups in this study contributed to the increases in PE'CO, an d ventilatory rate recorded with these two agents.
Another study in small children (10-20 kg) (Murat et al., 1985) recorded an increase in ventilatory frequency associated with increasing concentrations of halothane/nitrous oxide and a decrease in Ti/T 101 , especially at high concentrations. Studies of the phrenic neurogram in vagotomized cats during IPPV (Nishino, Honda and Yonezawa, 1983) demonstrated that, if Pa^O t was increased while the halothane concentration remained constant, there was a progressive prolongation of TE, with variable changes in Ti; increases in halothane concentrations with a constant Pa COf produced a progressive shortening of TE with virtually no change in Ti, and a consequent increase in ventilatory frequency. These studies revealed no consistent changes in Ti/T tot in response to either increases in carbon dioxide tension or halothane concentration; while Nishino and colleagues concluded that the responses of TE to carbon dioxide and halothane were consistent and opposite, they also demonstrated that, when the concentration of halothane and the carbon dioxide tension were increased, the TE shortening effect of halothane was dominant.
These observations lead to the conclusion that the significant increase in respiratory frequency associated with increasing alveolar concentrations of halothane in this study, which was accompanied by a statistically significant reduction of TE with no significant changes in T1/T 101 , was the result of the increasing alveolar concentrations of halothane and not of the accompanying increases in carbon dioxide tension. Nunn and Ezi-Ashi (1961) have shown that a resistance to breathing of 0.21 cmHjO litre" 1 min" 1 could produce a reduction of 7% in ventilation, without affecting ventilatory fre--quency. Consequently, the resistance to gas flow produced by the equipment used in this study (table II) may have produced a fractional depression of FE and FT. However, since the resistances of the tracheal tubes used without the pneumotachograph were 0.1 cm H 2 O litre" 1 min" 1 or less, it can be assumed that the true values of FE and FT in children breathing through a tracheal tube during anaesthesia are, at most, 2-3% greater than the values recorded in this study. Thus for example, the true FT for the three agents at MAC 1.5/nitrous oxide would be approximately 0.1 ml greater than the values displayed in table V and figure 2.
Data directly comparable to the results described here (in that the studies were performed on unsedated patients not undergoing surgery, and arterial carbon dioxide tensions were also recorded) are to be found principally in the studies of the ventilatory effects of the volatile agents in adult volunteers, some of which also provided data on the effects of nitrous oxide (Hornbein et al., 1969; Eger et al., 1972; Lam et al., 1982) . From these comparisons it is evident that the depression of ventilation produced in the children in this study, and the dose-related increase in ventilatory depression associated with increasing alveolar concentrations of the three agents, were substantially the same as those described in the adult.
The mean arterialized venous carbon dioxide tensions found in the children at alveolar concentrations of MAC 1.0 in oxygen of the three agents were not significantly different from those described in the adult: halothane 6.78 (0.84) kPa in the children, and 6.58 (0.33) in the adult (Hornbein et al., 1969) ; isoflurane 7.21 (0.72) kPa in the child and 6.93 (0.26) in the adult (Eger et al., 1972) ; enflurane 9.0 (0.87) kPa in the child and 8.6 (0.4) in the adult (Lam et al., 1982) . If the MAC values used in the various studies are adjusted to one another, the increases in arterialized PcOj ( fig. 3) closely resemble those described in the adult. The variable discrepancy between the end-tidal and arterialized venous carbon dioxide tensions recorded in this study is difficult to explain. While it may be tempting to attribute the fact that the arterialized venous values were less than the end-tidal partial pressures (in all recordings except enflurane MAC 1.0, 1.25 in oxygen) to the use of equilibration times which were adequate for the stabilization of end-tidal values, but not arterialized venous values, this argument would have to overcome a number of obstacles. In the first instance, the "reverse" gradient was established with all three agents at the first alveolar concentration measured (MAC 1.25/nitrous oxide), when the equilibration time had, in all patients, been at least 15 min; and the value recorded in the halothane group at that MAC (6.15 (0.6)kPa) was virtually identical with the value of 6.12 (0.23) recorded by Murat and coworkers (1985) with an MAC mixture of 1.31. Furthermore the second -PE' COt value recorded, with halothane MAC 1.5/nitrous oxide (6.62 (0.71) kPa) does not differ significantly from the value of 6.89 (1.09) recorded at a MAC mixture of approximately 1.56 by Charlton, Lindahl and Hatch (1985) in another study of the effects of halothane on ventilation in children. In addition, the arterialized venous carbon dioxide tensions recorded in the children in this study differ very little from those recorded in the adults in the studies referred to above in which, without exception, extensive equilibration times were used. Unfortunately, arterial or arterialized venous carbon dioxide values were not recorded in the other studies on the effects of halothane on children referred to above. This problem, obviously, does not admit of an easy explanation, and further studies of the relationship of end-tidal and arterial values are in hand.
The decreases in tidal volume produced by the three agents at alveolar concentrations of MAC 1.0 in oxygen, which were virtually identical with one another, also resemble closely the values described in the adult: halothane 3.14 ml kg" 1 in children and 3.62 ml kg" 1 in adults (Hornbein et al., 1969) ; isoflurane 3.26 ml kg" 1 in children and 3.16 ml kg" 1 in adults (Eger et al., 1972) ; enflurane 3.25 ml kg" 1 in children and 3.81 ml kg" 1 in adults (Calverley et al., 1978) . Again, increases in the alveolar concentrations of the three agents produced effects on tidal volumes very similar to those seen in the adult.
Furthermore, in the child as in the adult (Hornbein etal., 1969; Egeretal., 1972; Lametal., 1982) , the depression of ventilation produced by the three agents in oxygen was significantly greater than that produced by equi-MAC concentrations with nitrous oxide, as the values for VE, FT and Pco 2 recorded at MAC 1.25 reveal.
However, while the children responded to increases in the alveolar concentrations of halothane with a tachypnoea similar to that described in the adult (Munson et al., 1966) , their responses to isoflurane and enflurane were the obverse of those described in the adult (Fourcade et al., 1971; Calverley et al., 1978) ; increasing alveolar concentrations of isoflurane were associated with a dose-related tachypnoea in the children, while there was no increase in rate of ventilation in response to increasing alveolar concentrations of enflurane.
The depression of ventilation produced by halothane and isoflurane in the children in this study, and their ventilatory responses to increasing alveolar concentrations of these two agents, were virtually identical. The only significant difference concerned the increases in ventilatory frequency which were recorded. However, while the increase in ventilatory frequency associated with increasing concentrations of halothane was statistically significant (P < 0.05), and the increase in frequency associated with isoflurane was not, it was, nonetheless, sufficient to maintain the end-tidal and arterialized venous Pco t tensions in the isoflurane group at values which did not differ significantly from those in the halothane group. Since all three agents produced equal depression of tidal volume at all MAC values, the profound depression of ventilation produced in the children by enflurane was clearly the result of the fact that no increase in ventilatory frequency was associated with its use.
From the data of these studies it would appear that the ventilatory effects of these three volatile agents in unstimulated children are similar to those described in the adult. There was no difference of any clinical importance between the magnitude of the depression of ventilation produced by halothane and isoflurane, and the clinical impression that isoflurane produces a greater degree of ventilatory depression than halothane, is almost certainly attributable to the rapid onset of the effects of isoflurane (Wren et al., 1985) , which is conferred by its relative insolubility (Eger, 1981) . The difficulties encountered in the use of enflurane, in children breathing spontaneously during anaesthesia, are the result of the profound depression of ventilation, and consequent fluctuations in the level of tissue saturation produced.
